H values of fish appear to be a good tracer for tracking provenance, and we present a protocol for the use of H isotopes in aquatic ecosystems, which should be applicable to a broad range of marine and freshwater fish species. We advise assessing size effects or working with fish of relatively similar mass when inferring fish movements using δ 2 H measurements.
| INTRODUCTION
The hydrogen isotope (δ 2 H) composition of animal tissues has been successfully used to decipher animal migration patterns in terrestrial ecosystems (Hobson & Wassenaar, 2008) and recently were used to quantify the relative contribution of, and connections among, aquatic and terrestrial food webs (Babler, Pilati, & Vanni, 2011; Voigt, Lehmann, & Greif, 2015) . Tracking terrestrial animal movements with H isotopes is based on the linkage of spatial correlations of deuterium in precipitation (Bowen, Wassenaar, & Hobson, 2005; Terzer, Wassenaar, Araguás-Araguás, & Aggarwal, 2013) with those found in animal tissues. Recent applications using δ 2 H measurements have shown potential to provide insights to trace energy flows and trophic patterns in aquatic food web studies (reviewed in Vander Zanden, Soto, Bowen, & Hobson, 2016 ). An evaluation of the behavior of hydrogen isotopes of biota in aquatic ecosystems is important because of its link to environmental water isotopic patterns, and potential to answer questions intractable using C or N isotopes linked mainly to diet. Nonetheless, δ 2 H measurements are complicated by multiple hydrogen sources (diet and water), and some have emphasized the need for controlled studies to
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investigate this complexity (Jardine, Kidd, & Cunjak, 2009; Podlesak et al., 2008) and field-based studies to better prove the application for tracking provenance of species in aquatic systems.
Experimental data show that in aquatic systems, H isotopes are tracers of diet and provenance (Solomon et al., 2009; Soto, Wassenaar, & Hobson, 2013c) , with potential to link consumer δ 2 H values to dietary sources (Cole & Solomon, 2012) and environmental water (Whitledge, Johnson, & Martinez, 2006) . The use of δ 2 H as a dietary source tracer in aquatic systems is based on the fact that the H isotopic composition of terrestrial vs. aquatic sources can differ significantly (Doucett, Marks, Blinn, Caron, & Hungate, 2007) , in contrast to δ 13 C and δ 15 N measurements, which have little resolving power in many aquatic systems (Fry, 2013; Soto, Gacia, & Catalan, 2013a H along food chains. The magnitude of the compounding effect depends largely upon the H isotopic differences between water and dietary H (Solomon et al., 2009; Soto et al., 2013c) . This process does not seem to discriminate the isotopic composition derived from diet H during food assimilation and digestion.
To date, the use of δ 2 H measurements in aquatic ecology was limited due to analytical issues (Wassenaar, Hobson, & Sisti, 2015) and the unknown contribution to tissues of water derived from the environment and metabolism (Soto, Hobson, & Wassenaar, 2013b; Soto et al., 2013c (Soto, Wassenaar, Hobson, & Catalan, 2011) , and the metabolic mechanism to explain this pattern was investigated under laboratory conditions (Soto et al., 2013b Rivers in the south basin, and the Saskatchewan River on the west side of the north basin. The waters of the north basin are mixed with south basin waters that flow north through the Narrows. The outflow of the lake is located in the north basin through the Nelson River, which drains their waters into Hudson Bay. The eutrophic state of the lake is mainly due to increasing nutrient loadings in the south basin from the Red River and, to a lesser extent, from the Winnipeg River (Mayer, Simpson, Thorleifson, Lockhart, & Wilkinson, 2006; McCullough et al., 2012) . Consequently, the impacts of eutrophication in the lake during the last decades have been significant, for instance, extensive algal blooms. The hydrology of Lake Winnipeg provides a unique aquatic system with a distinctive baseline isotopic structure within the lake with relevant implications for provenance and food web studies. The spatial isotopic differences of hydrogen isotope values in lake water due to catchment inputs (Zhao, Rao, & Wassenaar, 2012) provide a sufficient H water isotopic baseline to evaluate fish provenance. In addition, the basin-specific carbon and nitrogen isotopic patterns for nutrient sources and ultimately fish communities (Hobson, Ofukany, Soto, & Wassenaar, 2012) require the north and the south basin of the lake be treated separately when using stable isotopes as food web tracers.
We conducted a field study to examine δ 2 H variability in freshwater fish tissue obtained from Lake Winnipeg, Canada (2007 -2010 .
We compared lakewide water isotope patterns to resident fish H isotope data. We analyzed all fish tissue samples using well-established controls for exchangeable hydrogen in organic materials, as well as removing lipids. We examined: (1) the importance of water δ
H in de-
termining the H isotope composition of fish tissues and (2) assess the evidence for H isotope trophic-enrichment effect similar to that seen for δ
15
N values in this fish community. For each objective, we considered all possible confounding factors (i.e., size, water, diet).
| MATERIAL AND METHODS

| Sample collection
Filtered surface water samples from a well-mixed water column were collected at stations located across Lake Winnipeg over four seasons (winter, spring, summer, and fall) of 2007-2010, except for the summer and fall of 2010 ( Figure 1 ). Water samples were stored in tightly sealed HDPE bottles. All water isotope sampling locations, data, and spatial isotope patterns in Lake Winnipeg used in this study were taken from Beveridge et al. (2012) and Zhao et al. (2012) .
Fish samples were collected from archived samples from isotope investigations obtained from trawls taken at the same stations as the water samples (Hobson et al., 2012; Ofukany, Wassenaar, Bond, & Hobson, 2014) . These studies showed isotopic spatial differentiation of fish individuals across Lake Winnipeg (with δ Fish were sorted by species, and were stored frozen (−20°C), whole for small fish and filleted for larger fish, before processing at the stable isotope laboratory of the National Hydrology Research Centre in Saskatoon, Saskatchewan. Small, whole specimens were partially thawed, and dorsal muscle was excised for stable isotope analysis. All muscle samples were freeze-dried.
| Stable isotope measurements
Water samples were analyzed for δ 2 H/ 1 H ratios using laser absorption spectroscopy (Lis, Wassenaar, & Hendry, 2008; Wassenaar, Coplen, & Aggarwal, 2013) with an off-axis integrated cavity output spectroscopy water isotope analyzer (Los Gatos model DLT-100) coupled to a CTC-PAL liquid autosampler. Water isotope data were normalized to the VSMOW-SLAP scale using two well-calibrated laboratory water standards (summarized in Beveridge et al., 2012) . 
| Statistical analyses
General linear models (GLM) were used to determine which factors influenced and drove the variability of Lake Winnipeg water isotope data. We modeled the effect of year (2007) (2008) (2009) (2010) Ofukany et al. (2014) from the same subsamples used for δ 2 H analysis in this study.
| RESULTS
Water isotope δ 2 H data ranged from −124 ‰ to −60 ‰, and the effect of basin was the predominant factor with both basins In relation to the other factors (Table 1) N to avoid potential confounding effects associated with size and, in this case, the correlation was even weaker (adjusted R 2 < .01, Figure 3b ).
| DISCUSSION
Our results show the potential to use H isotopes as a means of tracing fish provenance and migration, providing they move between waters of sufficiently differing H isotope composition and the tissue used appropriately integrates and preserves the timing of migratory movements. Clearly, H isotope studies of animal movement in aquatic systems need to control for critical confounding effects associated with laboratory H isotope analyses and fish size. Another striking result from our study was the lack of evidence for a H isotope trophic effect, as revealed by corresponding δ 15 N measurements.
Our study supports experimental aquatic tests that suggested the so-called trophic effect for δ 2 H is rather an apparent accumulation of δ 2 H with ambient waters across trophic levels that depends on the isotopic composition of the water and diet (Solomon et al., 2009; Soto et al., 2013c) . The lack of any relationship between δ 15 N and are the predominant diet for larger fish that we collected (>400 mm), the mean modelled δ 2 H value of the latter should be ca. −137‰. The measured δ 2 H results of those large fish were −142‰ ± 7‰, which correspond well with the expectation of the fish isotope model when the contribution of environmental water is considered.
Alternatively, a second hypothesis related to metabolic water can also explain the pattern. Metabolic effects contribute to the body water δ 2 H pool increasing the relative contribution of metabolic products from diet but decreasing that of environmental water (Soto et al., 2013b) . In natural systems, we would expect that H isotope contributions to fish tissue are a mixture of ambient water and metabolism. In our study, we suggest that smaller fish had different tissue δ 2 H values solely due to their higher growth rates as specific growth (or metabolic) rate usually declines with increasing fish size (Elliott & Hurley, 1995 Hydrogen isotope measurements appear to be a powerful tool to help determine the origin of fish with applications related to marine-freshwater fish movement studies (Whitledge et al., 2006) and potentially for use as a tracer for the authenticity of fish food products (Carter, Tinggi, Yang, & Fry, 2015) once relevant confounding effects are controlled (this study). We emphasize there is a need to control for H isotope exchange (Sauer, Schimmelmann, Sessions, & Topalov, 2009; Wassenaar et al., 2015) as well as the removal of lipids in animal tissues when measuring and interpreting H isotope data (Soto et al., 2013b; Wassenaar & Hobson, 2000) . In our case, we were able to account for the water isotope contribution and metabolic effects when assessing the tissue δ Hydrogen isotopes are a relative newcomer to the toolbox for multiple stable isotope tracer approaches to understanding aquatic dynamics. However, unlike C and N stable isotope measurements, applying δ 2 H measurements effectively requires additional analytical care and attention.
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